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ABSTRACT
By means of the fossil record method implemented through Pipe3D, we reconstruct
the global and radial stellar mass growth histories (MGHs) of an unprecedentedly large
sample of galaxies, ranging from dwarf to giant objects, from the “Mapping Nearby
Galaxies at the Apache Point Observatory” survey. We confirm that the main driver of
the global MGHs is mass, with more massive galaxies assembling their masses earlier
(downsizing), though for a given mass, the global MGHs segregate by color, specific
star formation rate (sSFR), and morphological type. From the inferred radial mean
MGHs, we find that at the late evolutionary stages (or for fractions of assembled mass
larger than ∼ 80%), the innermost regions formed stars on average earlier than the
outermost ones (inside-out). At earlier epochs, when the age resolution of the method
becomes poor, the mass assembly seems to be spatially homogeneous or even in the
outside-in mode, specially for the red/quiescent/early-type galaxies. The innermost
MGHs are in general more regular (less scatter around the mean) than the outermost
ones. For dwarf and low-mass galaxies, we do not find evidence of an outside-in forma-
tion mode; instead their radial MGHs are very diverse most of the time, with periods
of outside- in and inside-out modes (or strong radial migration), suggesting this an
episodic SF history. Blue/star-forming/late-type galaxies present on average a sig-
nificantly more pronounced inside-out formation mode than red/quiescent/early-type
galaxies, independently of mass. We discuss our results in the light of the processes of
galaxy formation, quenching, and radial migration. We discus also on the uncertainties
and biases of the fossil record method and how they could affect our results.
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1 INTRODUCTION
The study of how galaxies did assemble spatially their stel-
lar masses is of paramount relevance for understanding the
overall picture of galaxy evolution. A first inference on this
can be provided by the mean mass- or luminosity-weighted
age gradients obtained from line-strength indices and pho-
? E-mail: hibarram@astro.unam.mx
tometric studies of local galaxies. A more complete anal-
ysis is provided by the study of the color-magnitude dia-
gram from resolved stars in nearby galaxies of by the fos-
sil record method using Integral Field Spectroscopy obser-
vations (IFS; see below). Several studies have shown that
a significant fraction of the local galaxies present negative
mean age gradients (for recent works see e.g., Wang et al.
2011; Lin et al. 2013; Li et al. 2015; Dale et al. 2016), which
can be interpreted as earlier star formation (SF) of the in-
c© 2014 The Authors
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ner regions with respect to the outer ones; this could imply
that these galaxies assembled their stellar masses from in-
side to out. Other kind of studies based on look back ob-
servations, suggest rather an uniform radial mass growth at
early/intermediate redshifts (van Dokkum et al. 2013; Patel
et al. 2013). More recently, Pe´rez et al. 2013 have reported
that the differences in the inner-to-outer stellar mass assem-
bly histories of local galaxies studied with IFS depends on
the total galaxy stellar mass; for their less massive galaxies,
the trend even inverts suggesting an outside-in stellar for-
mation mode. Some studies of dwarf galaxies report indeed
positive age gradients for them (Bernard et al. 2007; Gal-
lart et al. 2008; Zhang et al. 2012). The radial way in which
galaxies assemble their mass (or quench their SF) seems to
depend also on their morphological type. For instance, for a
small sample of early-type galaxies, Sa´nchez-Bla´zquez et al.
(2007) have concluded that a solely inside-out or outside-in
scenario is ruled out for these galaxies (see also Mehlert
et al. 2003; Kuntschner et al. 2010). Summarizing, it is not
yet well established how did galaxies on average assemble
radially their stellar masses or quench their SF. The aim
of this work is to provide a significant contribution on this
question.
According to the current cosmological paradigm, galax-
ies form from gas that cools and falls into the center of dark
matter halos. Therefore, the galaxy gas accretion and the
consequent SFR rate are expected to be associated to the
cosmological dark matter accretion rate (see e.g., van den
Bosch 2002; Faucher-Gigue`re et al. 2011; Rodr´ıguez-Puebla
et al. 2015). On the other hand, the disks formed inside
growing dark matter halos are predicted to assemble from
the inside out (Gunn 1982; Silk 1987; Mo et al. 1998; Avila-
Reese & Firmani 2000; Rosˇkar et al. 2008; Mo et al. 2010,
and more references therein). The formation of spheroids is
believed to occur mostly from the morphological transfor-
mation of disks, either by mergers or by internal dynami-
cal processes (see for reviews e.g., Mo et al. 2010; Brooks
& Christensen 2016). During early gas-rich mergers, strong
bursts of SF that consume most of the gas are expected to
happen, resembling this the so-called “monolithic collapse”
model (Eggen et al. 1962); late major mergers, responsi-
ble also of spheroid formation, add an spatially extended
population of ex situ (likely old) stars (e.g., Hopkins et al.
2009; Rodriguez-Gomez et al. 2016), and produce a signifi-
cant stellar radial mixing in the primary galaxy. Therefore,
the spatial mass assembly of spheroid-dominated galaxies is
expected to depart from the inside-out mode of disk galax-
ies. Moreover, galaxies along their evolution may suffer sev-
eral phases of disk destruction and rebuilding, leaving this
a complex imprint in their present-day stellar population
spatial distributions. The other aspects that may play a rele-
vant role in assessing the observed stellar population spatial
distribution of galaxies are when, where, and why the SF is
shut off in galaxies. This shut off process is commonly called
in the literature as ”quenching”.
According to the literature, there is not a general mech-
anism that explains the quenching of galaxies; rather exist
multiple hypotheses that try to explain the shut off as a
function of mass and environment (e.g., Lin & Faber 1983;
Dekel & Silk 1986; Efstathiou 1992; Birnboim & Dekel 2003;
Di Matteo et al. 2005; Slater & Bell 2014; Tal et al. 2014).
Ram-pressure, strangulation, and harassment are some of
the mechanisms related to environmental conditions that
can explain the shutoff of SF in satellite galaxies (e.g., Gunn
& Gott 1972; Larson et al. 1980; Farouki & Shapiro 1981;
Hidalgo et al. 2003; Tal et al. 2014). Mass dependent pro-
cesses related to the heating up of the intrahalo gas can help
to stop the SF of central galaxies (e.g., Guo 2014; Tal et al.
2014); for example, the virial shock heating in massive halos
(the halo quenching model, Birnboim & Dekel 2003; Dekel
& Birnboim 2006) and the AGN feedback (e.g., Kauffmann
et al. 2004; Bower et al. 2006; Guo 2014), in particular the
powerful outflows in quasars that deplete the gas content in
massive galaxies (Sanders et al. 1988; Di Matteo et al. 2005).
On the other hand, since the SFR of galaxies is expected to
primarily depend on the halo dark matter accretion rate (see
above), then if the latter significantly drops, then the for-
mer shoould drop too (cosmological quenching; e.g., van den
Bosch 2002; Feldmann & Mayer 2015). Whatever the dom-
inant process is, the form of how the SF can be deactivated
correlates with the galaxy mass (e.g., Woo et al. 2013).
In order to constrain the scenarios and processes of
galaxy evolution above described, it is crucial to obtain in-
formation about how the stellar mass grows during the evo-
lution of the galaxy as a function of radius. Considering that
the light of a galaxy is an assembly of multiple star contri-
butions, it is possible to infer how these stars assembled
the observed galaxy light through its life. This method uses
stellar evolutionary models to get the energy spectra distri-
bution (SED) of single stellar populations (SSP) at different
ages and metallicities. Thus, the problem is reduced to look
for the best combination of SSPs that mimics the observed
galaxy SED. Then, it is possible to obtain information of the
stellar mass per SSP at different time steps. As a result, it is
feasible to reconstruct the SF or stellar mass growth history
(SFH or MGH) of an observed galaxy. This approach based
in stellar population synthesis (SPS) is known in the litera-
ture as the fossil record method (e.g., Tinsley 1980; Buzzoni
1989; Bruzual & Charlot 2003; Walcher et al. 2011). The
fossil record method has been widely used to recover the
global SFH and stellar masses by using spectral and photo-
metric data of galaxies in large surveys like the Sloan Digital
Sky Survey (SDSS) one (e.g., Kauffmann et al. 2003a,b; Cid
Fernandes et al. 2005; Gallazzi et al. 2005; Tojeiro et al.
2007).
With multi-band and spectroscopic data of good spa-
tial resolution, it is possible to resolve the SFH (or MGH)
in space (e.g., Brinchmann & Ellis 2000; Kong et al. 2000;
Pe´rez-Gonza´lez et al. 2008; Lin et al. 2013). These studies
used to be limited by the size of the slit or fiber (for the spec-
troscopy data) or by the number of photometric filters that
are used to adjust the SED. These limitations can retrieve
important bias in the interpretation of the data. A fixed
fiber (or slit) size cannot locally resolve the galaxy proper-
ties because the observed galaxy spectrum integrates all or
a substantial fraction of the light within the aperture. For
the case of photometric studies, it is required a large enough
number of photometric bands to reproduce the galaxy spec-
trum (e.g., Ben´ıtez et al. 2009). It is important to correct
the observed photometric fluxes by emission lines to accu-
rate fit the observed galaxy SED. However, with the advent
of the IFS, it is possible to access to spectral data resolved
through different galaxy regions at the same time and obtain
the spectral information of the local galaxy properties (e.g.,
MNRAS 000, ??–?? (2014)
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Bacon et al. 2001; Cappellari et al. 2011; Croom et al. 2012;
Sa´nchez et al. 2012; Cid Fernandes et al. 2013; Bundy et al.
2015). With IFS data and SSP decomposition, it is feasible
to obtain information about how galaxies assembled globally
and locally their stellar masses.
Pe´rez et al. (2013) used the advantages of the IFS to re-
solve the radial gradient of the stellar mass assembly. They
analyzed 105 galaxies from the Calar Alto Legacy Integral
Field Area survey (CALIFA, Sa´nchez et al. 2012) and ex-
plored the mass growth gradient from 109.8 to 1011.26 M.
With the MaNGA survey (Mapping Nearby Galaxies at the
Apache Point Observatory, Bundy et al. 2015), it is possible
to perform a spatially resolved study of the MGHs for an
unprecedentedly large galaxy sample both in number and
in mass range. The MaNGA survey is one of the three core
programs of the fourth generation of the SDSS, and plans to
get IFS observations for 10000 galaxies (selected by stellar
masses) within a redshift range of 0.01 < z < 0.18 (Bundy
et al. 2015; Li et al. 2015; Law et al. 2015). MaNGA per-
forms dithered observations with integral field units (IFU)
that cover a spectroscopic range of 3600 to 10300 A˚, with
a resolution of R ∼ 2000. MaNGA provides 17 fiber-bundle
IFUs with a field of view that covers from 12′′ (19-fiber IFU)
to 32′′ (137-fiber IFU). For a more detailed description of
the MaNGA survey and its instrumentation, see Gunn et al.
(2006), Bundy et al. (2015), Drory et al. (2015), and Yan
et al. (2016). Some Early results with MaNGA are the study
of Li et al. (2015) that maps the gradients of stellar popu-
lation and star formation indicators D4000 and Halpha cov-
ering a large wavelength range.Wilkinson et al. (2015) maps
the gradients of stellar population parameters and dust at-
tenuation, discussion of impact of different fitting techniques
and IFU size. Finally, Belfiore et al. (2015) performs an spa-
tially resolved study of emission line diagnostic diagrams,
maps of gas metallicities and element ratios.
In this paper we present the global and spatially-
resolved normalized MGHs of the so far observed galaxies
in the MaNGA survey, namely those to be reported in the
SDSS Data Release 13. We focus our analysis on galaxies
from the Primary sample, covering a mass range from dwarf
to giant galaxies, and with numbers that overcome those
of the few previous related works. Our goal is to explore
how galaxies did assemble globally and locally their stellar
masses as a function of mass. The large number of galax-
ies allows us to study this question also as a function of
color, specific SFR (sSFR), and morphology, by separating
the galaxies in each mass bin at least in two groups ac-
cording to these properties. It should be said also that our
analysis differs in several aspects to those presented in pre-
vious works, for instance, those of Pe´rez et al. (2013) and
(Gonza´lez Delgado et al. 2016).
The outline of the paper is as follows. In Section 2, we
explain the sample selection, its analysis and the methodol-
ogy. In Section 3, we discuss both the global and radially-
resolved mean stellar MGHs as a function of the final galaxy
mass, color, SF activity, and morphology. In Section 4, we
recover the individual radial mass assembly gradient for the
final sample of galaxies at the times when the 90%, 70% and
50% of their total masses were assembled. In Section 5, we
compare our results with previous works, we discuss the pos-
sible implications of our inferences for the galaxy evolution
paradigm, and comment on the caveats of these inferences.
Finally, in Section 6, we present the summary of the paper
and our main conclusions.
2 THE SAMPLE AND THE METHODOLOGY
We study the 1260 galaxies from the MaNGA product
launch 4 (MPL-4, which is part of the SDSS Data Release
13) that were observed from March 2014 to June 2015. With
this sample we are able to explore a large mass range, from
dwarf to giant galaxies. The structural parameters, such as
Se´rsic half-light radii (Rs,50), Petrosian radii (Rp,50, Rp,90),
position angles (PA) and axis ratios (b/a), and the absolute
magnitudes in different bands, were taken initially from the
NASA-Sloan Atlas1 (NSA), that also contains data from the
SDSS III (Eisenstein et al. 2011).
The Rs,50 radius, defined as the radius where half of
the light for a Se´rsic profile is contained, is calculated from
a two-dimensional fit to such a profile. This fit assumes that
all galaxies are well described by the same surface bright-
ness profile, independently of the morphological type. The
Rp,50 (and Rp,90) radius is calculated given the measured
Petrosian magnitude, where such magnitude was thought to
include most of the object’s flux and independent of distance
(Petrosian 1976). However, different fractions of the light of
each galaxy are missed depending on the surface brightness
profile. This introduces a systematical uncertainty in the
Petrosian half-light radii, which can depend, for instance,
on the galaxy concentration C ≡ Rp,90/Rp,50. In an effort
to correct for this effect, Graham et al. (2005) (see equa-
tion 6), assuming a Se´rsic profile, provides a procedure that
makes use of C. Thus, having the reported Rp,50 and C for
each galaxy, the corrected half-light radius, R50, can be cal-
culated. We adopted the corrected radius in this work to
characterize the size of the galaxies.
We have performed a visual morphological classification
of the 1260 MPL-4 MaNGA galaxies to be presented else-
where (Hernandez-Toledo et.al 2016, in prep). In this sample
we have found 112 galaxies (9% out of the total sample) with
strong signatures of interaction or in the process of merging.
We exclude these galaxies from our analysis, leaving then
1149 galaxies. We select then only galaxies that are in the
MaNGA Primary sub-sample (those with a radial coverage
that reaches 1.5 effective radii) and exclude those from the
“Color-Enhanced” sub-sample (they were specially added to
balance the color distribution at a fixed stellar mass); for de-
tails on the MaNGA sub-samples, see Bundy et al. (2015).
After this, remain 601 galaxies. We have selected only
the Primary sub-sample to avoid any aperture bias in our
study, and the Color-Enhanced sub-sample was excluded to
avoid biases with respect to the real color distributions in
our MGHs averaged in mass bins. Finally, in our main analy-
sis we will not take into account galaxies more massive than
1011.2M (see below for our definition of total stellar mass).
We have found that for some reason, the currently observed
(MPL-4) most massive MaNGA galaxies in the Primary sub-
sample are biased to an excess of blue and star-forming (by
Hα emission) objects. We are left then with 533 galaxies.
For our spatially-resolved analysis, we will consider
1 http://www.nsatlas.org/
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Figure 1. Upper: Histogram of effective radii (R50) for 533
MaNGA galaxies compiled from the NASA-Sloan Atlas (NSA).
The red line represents the reconstructed PSF of the IFU dat-
acubes; whereas the blue dashed line represents the limit when
0.5R50 = PSF . Lower: Fraction of galaxies that have a radius
larger or equal to the IFU PSF (blue line). The green line repre-
sents the fraction of galaxies that have a radius less or equal to
the IFU field of view.
three radial galaxy regions: 0 < R < 0.5R50, 0.5R50 <
R < R50 and R50 < R < 1.5R50. We estimate the radial
distances from the galactic center by de-projecting the dis-
tances with the use of the galaxy axis ratio a/b and the PA
reported from the NASA-Sloan Atlas2 (NSA). These regions
consider the resolution effects from the reconstructed point
spread function (PSF) in the MaNGA datacubes, and the
IFU bundle size. Since the MaNGA FWHM PSF is 2.5′′
(Bundy et al. 2015), the minimum aperture that we should
integrate without suffering the effects of the PSF is 0.5R50.
2 http://www.nsatlas.org/
In Figure 1, we show the histogram of R50 in arcseconds for
all the sample. The thick red line represents the MaNGA
FWHM PSF. The blue dashed line represents an aperture
two times the value of the PSF; this line lies in the mode of
the R50 distribution. The bottom panel of Figure 1 shows
the fraction of galaxies that have a radius (as a fraction of
R50) larger than the MaNGA FWHM PSF (blue line) and
have an IFU size larger than that extension (green line). We
find that 60% of all the galaxies have a 0.5R50 radius larger
than or equal to the value of the reconstructed PSF. For
scales smaller than 0.5R50, the fraction of galaxies where
the PSF is smaller than the optical extension drastically
drops to zero; i.e., they are not resolved. The distribution
of R50 indicates that 95% of the sample have an R50 larger
than the PSF, whereas the fraction increments to 99% for
1.5R50. Therefore, the great majority of the galaxies are well
resolved, and we will use the whole sample for our analysis.
We observe that almost all the sample contains the
0.5R50 (99%), 1R50 (95%), and 1.5R50 (90%) regions within
the IFU field of view. For apertures larger than 1.5R50, the
fraction of galaxies that have a size within the IFU field of
view decreases to 45% at 2R50 and 2% at 3.5R50. Hence,
we set the maximum aperture to 1.5R50 to trace the galaxy
outskirts without being affected by the IFU size. The first
region (R < 0.5R50) maps the inner galaxy parts without
being severely affected by the effects of the PSF. For the
second region (0.5R50 < R < R50), the width of the ring is
large enough to not mix different regions by the convolution
effects of the PSF. This region maps the intermediate region
between the galaxy core and the galaxy outskirts, with one
radial bin in terms of the PSF size. For the last radial re-
gion (R50 < R < 1.5R50), the maximum aperture traces the
periphery for all our galaxy sample and assures that 90% of
the sample is observed with an IFU size of at least 1.5R50.
2.1 Stellar Population Analysis
We perform the stellar population synthesis of the IFU dat-
acubes as provided in the MaNGA site by using Pipe3D.
Following, we briefly summarize the procedure used to an-
alyze the underlying stellar population (for further details,
refer to Sa´nchez et al. 2016a,b). For each datacube and indi-
vidual spaxel, a signal-to-noise (S/N) analysis is performed.
Afterwards, a spatial binning is applied in order to achieve
a homogeneous S/N threshold level of 50. It is important
to say that this S/N threshold is not necessary achieved at
each spatial bin, but it determines the resolution of the spa-
tial binning according with the intensity of the flux at each
spaxel, see Sa´nchez et al. (2015) and Cid Fernandes et al.
(2014) for more details. Therefore, for each galaxy we do
not necessary achieve a S/N of 50. In Figure 2 we show the
S/N distribution of the binned spectra for all galaxies in
our initial sample at the three radial regions. For the inner-
most radial region, we obtain that the averaged S/N ratio is
higher or equal to 50 in most of the galaxies, whereas for the
outermost radial bin, the S/N ratio peaks in a value around
5. The minimum S/N that we get is about 2. According to
Table 1 of Sa´nchez et al. (2016b), the precision of Pipe3D
as a function of the S/N for the case of the stellar age is on
the order of 0.14 dex for a S/N of 63.6, 0.13 dex for a S/N
of 32.2, 0.1 dex for a S/N of 6.9, and 0.07 dex for a S/N of
3.4. Nevertheless, the precision is on the order of ≈ 0.1 dex,
MNRAS 000, ??–?? (2014)
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Figure 2. Distribution of the S/N ratio within the three radial regions: R < 0.5R50, 0.5R50 < R < R50, and R50 < R < 1.5R50. The
red dashed lines represent the S/N threshold of 50 that is used by Pipe3D.
that are similar to the reported accuracy of other procedures
(e.g., Starlight, Cid Fernandes et al. 2014). Examples of the
obtained S/N maps are shown in the left lower panels of Fig-
ures 3 and 4 for a Milky Way-sized and a low-mass galaxy,
respectively.
The next step is to fit each spectrum binned to reach a
S/N of 50 to a reduced stellar template to derive the kine-
matics properties and the dust attenuation, adopting the
Cardelli et al. (1989) extinction law. Then, the stronger
emission lines are fit using a set of Gaussian functions to
remove them from the binned datacubes. Finally, the con-
tinuum is fitted with a linear combination of SSP templates
(dust attenuated), convolved and shifted to take into ac-
count the derived kinematics, by using the values provided
by the previous analysis.3
The adopted stellar library is described in detail by Cid
Fernandes et al. (2013). It comprises 156 templates that
cover 39 stellar ages (1 Myr to 14.2 Gyr), and 4 metallic-
ities (Z/Z = 0.2, 0.4, 1, and 1.5). These templates were
extracted from a combination of the synthetic stellar spec-
tra from the GRANADA library (Martins et al. 2005) and
the SSP library provided by the MILES project (Sa´nchez-
Bla´zquez et al. 2006; Vazdekis et al. 2010; Falco´n-Barroso
et al. 2011), using a Salpeter IMF. This library has
been extensively used within the CALIFA collaboration in
different studies (e.g. Pe´rez et al. 2013; Cid Fernandes et al.
2013; Gonza´lez Delgado et al. 2014a). We present two ex-
amples of the stellar spectra fits in the upper right panels
of Figures 3 and 4. Then, by taking into account the mass-
to-light ratio of each individual template within the library
(M/Li,j,k), the stellar mass-loss (fi,j,k), the weight in light
of each component derived from the fitting (ci,j,k), and the
3 We note that our procedure assumes that all components (or
SSP ages) at every point in the galaxy share the same kinematics.
This assumption is strong and by relaxing it might have some
effect on the results. This problem has not been yet discussed in
detail in the literature.
internal dust corrected surface brightness corresponding to
each individual Voxel (Ii), it is possible to derive the stel-
lar mass density at each particular look back time using the
formula µi,j =
∑met
k=0 fi,j,kci,j,kM/Li,j,kIi. The index i de-
notes the index of the Voxels, j indicates the age of the SSP
template and k identifies the metallicity of the SSP.
2.2 The Mass Growth Histories
We define the normalized stellar MGH asM(t)/M0, where
M(t) is the cumulative stellar mass (taking into account the
stellar mass loss) at a given epoch t, and M0 is this mass
at the final epoch corresponding in principle to the observed
redshift z;4 the cumulative SFH is related to the MGH but
without taking into account the stellar mass loss. From the
SPS technique in Pipe3D, we recover the cumulative SFH
resolved at 39 stellar ages for each Voxel. To study the radial
differences in the mass assembly of galaxies, we calculate
the normalized MGHs within a given area A (a circle or an
annulus) as follows:(Mj
M0
)
A
=
∑
A µi,jA +Mj−1∑age
j=0
∑
A(R) µi,jA
, (1)
where Mj is the accumulated stellar mass within the area
A at the time j, and the sum over A is for all the i Voxels
within this area. In the lower medium and right panels of
Figures 3 and 4, we show examples of the recovered SFHs
and MGHs, respectively, for the already mentioned massive
4 The M0 masses are slightly different to the NSA masses be-
cause the latter are calculated (1) all at the same redshift (z =
0.1), (2) with a different method than us and using the SDSS data
rather than the IFS SDSS-IV data, and (3) using the Chabrier
IMF instead of the Salpeter one. In spite of these many differ-
ences, the NSA masses are shifted at all masses on average by
only ≈ −0.14 dex with a small scatter and no dependence on
mass. The main reasons of this difference is due to the different
IMFs used in both cases.
MNRAS 000, ??–?? (2014)
6 Ibarra-Medel et al.
4000 4500 5000 5500 6000 6500 7000
Wavelenght [ ]
0
5
10
15
20
25
F
lu
x
[1
0
−1
7
er
g/
s/
cm
2
/
]
manga-7495-12704
15 10 5 0 5 10 15
RA (arcsec)
15
10
5
0
5
10
15
DE
C 
(a
rc
se
c)
SN map
0.5R
50
1.0R50
1.5R
50
manga-7495-12704
0
10
20
30
40
50
60
70
80
90
S
/N
10-1 100 101
Lookback Time [Gyr]
0.0
0.5
1.0
1.5
2.0
2.5
3.0
S
F
H
(t
)
[M
¯y
r−
1
]
manga-7495-12704
0.0R50<R<0.5R50
0.5R50<R<1.0R50
1.0R50<R<1.5R50
10-1 100 101
Lookback Time [Gyr]
0.4
0.5
0.6
0.7
0.8
0.9
1.0
M
(t
)/
M
0
manga-7495-12704
0.0R50<R<0.5R50
0.5R50<R<1.0R50
1.0R50<R<1.5R50
Figure 3. Example of our analysis for the galaxy SDSS J134145.21+270016.9 (MaNGA ID 12-129618) observed with the 127 fiber IFU
configuration. This is a Milky Way-sized galaxy,M(6 1.5R50) = 3.1× 1010M. The upper left panel presents the optical image (g, r, i)
and the observed field (ciyan lines) of the 127 fiber IFU bundle. The upper right figure presents the integrated synthetic stellar (without
gas) spectrum fit from Pipe3D at three radial regions: R < 0.5R50 (blue), 0.5R50 < R < R50 (green), and R50 < R < 1.5R50 (red). The
corresponding integrated observed spectra are shown with black lines. Each spectrum (synthetic and observed) is shifted in flux amplitude
to avoid overlapping. The residuals of the fits are plotted below with the same color code and shifted in flux to avoid overlapping. The
lower left panel presents the S/N map of the IFS spectra. We over-plotted the three radial regions as contours. The lower middle panel
shows the reconstructed SFH at the three different radial regions. Finally, the lower right panel shows the reconstructed MGHs at the
three different radial regions. The shaded color areas within the MGHs are the 1σ error estimates for each MGH. The color code of the
lines for the lower middle and right panels are the same as the upper right panel.
and low-mass galaxies. The shaded color areas in the MGH
panels are the error estimates for each radial MGH. The
error comes from the given errors on the stellar mass maps
from Pipe3D (per template age) plus the age error estimated
as the time step between the SSP templates. We define this
time step as the time at which the archaeological method can
resolve temporary the MGHs, see §§3.3 for more details.
We apply eq. (1) to infer the MGHs within the three
radial galaxy regions mentioned above: 0 < R < 0.5R50,
0.5R50 < R < R50, and R50 < R < 1.5R50. The total galaxy
MGH is calculated within R 6 1.5R50.The MaNGA galaxies
are within a redshift range of z = 0.007 to z = 0.148. This
redshift range corresponds to a look-back time (LBT) inter-
val of ≈ 2 Gyr. Therefore, the fossil record method recovers
the MGHs and final stellar masses through different initial
LBTs for each galaxy. In order to compare the normalized
MGHs among all galaxies in the sample, the same initial
LBT (where the final stellar massM0 is defined) should be
used. For an approximation to this, we select only galaxies
with z < zlim and assign them the same initial LBT, equal
to the time corresponding to zlim (LBTlim). Then, we gen-
erate a grid of ages from LBTlim to the maximum resolved
SSP age (14.12 Gyr) and calculate by interpolation the val-
ues of the normalized masses at these ages. We redefine the
final stellar mass as the accumulated stellar mass at zlim
within 1.5R50. Hereafter, we refer to this approach as the
truncation method.
We explore four redshift limits: zlim = 0.037, zlim =
0.074, zlim = 0.111, and zlim = 0.148. These limits cover
the range of MaNGA redshifts in four uniform bins. With
the largest zlim, of course, we recover the largest number
of galaxies, however significant late MGH information gets
lost for those galaxies that have observed redshifts much
lower than zlim. The latter is a problem for galaxies with
active late SF-driven mass growth; this is the case of most
of the low-mass and dwarf galaxies. In the lowest redshift
sub-sample (z 6 0.037) there are 454 galaxies with a corre-
sponding LBTlim of 0.5 Gyr. In the highest redshift sample
(z 6 0.148), all the 533 galaxies are included but with a
LBTlim of 2 Gyr; that is, all the MGHs are interpolated to
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Figure 4. Same as Figure 3 but for the galaxy SDSS J072425.92+385643.0 (MaNGA ID 1-584473) observed with the 127 fiber IFU
configuration. This is a low-mass galaxy, M(6 1.5R50) = 2.3× 109M.
start from a time 2 Gyr ago, which correspond typically to
yet active epochs of mass growth for low-mass/dwarf galax-
ies.
With the truncation method we attempt to homogenize
the MGHs to the same initial LBT. However, some biases on
the MGHs can be introduced in this operation, given that
each galaxy has actually a different initial LBT (initial z).
This is why we will use also a sub-sample of galaxies in a
narrow redshift sample, z = 0.037± 0.005. Hereafter, we re-
fer to this approach as the redshift selection method. This
selection ensures that the initial LBT for the selected galax-
ies is almost the same for all the galaxies in the sub-sample.
In this case, the interpolation for reconstructing the MGHs
at the same redshift cut is not required.The obvious prob-
lem is that in such a narrow redshift range, there are not
too many galaxies (only 192). The mean MGHs calculated
for the redshift selection sub-sample will be used as a kind
of control sample to check for potential biases in the mean
MGHs calculated from the more numerous redshift trunca-
tion sub-samples.
2.2.1 Mean MGHs in Stellar Mass Bins
One of our aims is to explore the spatially-resolved MGHs
as a function of mass. For this, we will calculate the mean
of the MGHs in four different stellar mass bins: 108.5 <
M0/M < 109.3 (dwarf galaxies), 109.3 <M0/M < 1010
(low mass galaxies), 1010 <M0/M < 1010.7 (intermediate
mass galaxies), and 1010.7 <M0/M < 1011.2 (high mass
galaxies). As mentioned above, we do not take into account
galaxies more massive than 1011.2M.
The galaxies in MaNGA are selected to have a roughly
flat stellar mass distribution, that is, an equal number of
galaxies per mas bin. This selection criteria returns a much
higher number of massive galaxies with respect to less mas-
sive ones from what we expect from the local galaxy stel-
lar mass function. Since massive galaxies are rare, such
galaxies should be selected from larger volumes and there-
fore, larger redshifts. The shortcoming of such a selection
for our study is that more massive galaxies tend to have
larger initial LBTs than less massive ones, and since we
need to cut the LBT at the same epoch for all galaxies,
this forces us to make the cut at the higher redshifts of
the observed massive galaxies. Therefore, we lose the late
evolution of the less massive galaxies that are observed at
lower redshifts (see above). Then, we need to find a com-
promise between not losing many (mostly massive) galaxies
and not losing the latest evolutionary stages of (mostly low-
mass) galaxies. We explore the differences in the stellar
mass histograms between the lowest and highest zlim sub-
samples. For the former (z 6 0.037; 454 galaxies), there
are 63 galaxies within the 108.5 < M0/M < 109.3 mass
bin, and the maximum number (200 galaxies) is attained
in the 1010 < M0/M < 1010.7 mass bin. In comparison,
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for the latter sub-sample (z 6 0.148; 533 galaxies), we ob-
tain 66 galaxies in the 108.5 < M0/M < 109.3 mass bin
whereas the maximum number (202 galaxies) is attained also
in the 1010 <M0/M < 1010.7 mass bin. Thus, for masses
< 1010.7 M both sub-samples have similar number distri-
butions. The strong difference is only in the most massive
bin (1010.7 <M/M < 1011.2), where there are 63 galaxies
at z 6 0.037 and 139 at z 6 0.148. Therefore, for the highest
mass bin, ≈ 55% of the galaxies observed at z 6 0.148 are
lost in the z 6 0.037 sub-sample.
As mentioned above, for dwarf and low-mass galaxies,
late evolutionary times are relevant, and since the number of
them remains roughly the same in the sub-samples at higher
zlim, we consider the lowest redshift sub-sample (z 6 0.037)
as the optimal for carrying out our study. In this way we
guarantee reliable MGHs for dwarf and low-mass galaxies
from ≈ 500 Myr, though in demerit of a larger statistics
for the most massive galaxies (by lowering more zlim, we
can follow the MGHs from even more recent epochs but the
loss in number of galaxies at all mass bins become already
significant). In any case, we will present also the mean MGHs
by using the full galaxy sample (up to the highest zlim),
but with the initial LBT of all galaxies re-normalized to
zlim = 0.148, that is from ≈ 2 Gyr.
Once the galaxy sub-sample is selected, within each
mass bin we stack the radially-resolved MGHs and calcu-
late the mean MGHs for the three radial regions, as well
as the corresponding variances and errors of the mean. For
each of the three radial regions, the MGH variance in the
mass bin k is defined as
σ(t)2k =
∑Nk
g
(〈
M(t)
M0
〉
k
−
(
M(t)
M0
)
g
)2
Nk − 1 , (2)
where Nk is the number of galaxies within the mass bin k,
g stands for each galaxy in this bin, and
〈
M(t)
M0
〉
is the av-
erage spatially-resolved MGH in the mass bin. The variance
quantifies the population scatter. The standard error of the
mean, defined as ∆〈M(t)M0 〉k = σ(t)k/
√
Nk, quantifies how
precise is the inferred true average of the given population.
Since the normalized MGHs at different radii are ex-
pected to display a large variety of shapes, it is important
to have an estimate of the statistical significance of the cor-
responding stacked MGHs as well as of the distribution of
the individual MGHs around the mean. For this, we perform
a χ2 analysis. For each galaxy g within the mass bin k and
for a given radial region, we define the χ2 of its MGH as:
χ2g =
Nt∑
t
(〈
M(t)
M0
〉
k
−
(
M(t)
M0
)
g
)2
σ(t)2k(Nt − 1)
, (3)
where Nt is the number of stellar ages larger than LBTlim
used by Pipe3D. Hence, we obtain Nk values of χ
2
g per mass
bin and for each radial region. If the population of the re-
spective MGHs follows a normal distribution, then the mean
MGH and variance (〈M(t)M0 〉k, σ(t)
2
k) are statistically repre-
sentative of the global behavior of the population. A normal
distribution of the MGHs implies that the distribution of
χkg follows a reduced χ
2 distribution with Nt − 1 degrees of
freedom. We will apply this test to the obtained MGHs and
their means and variances.
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Figure 5. Global mean MGHs integrated within R < 1.5R50
obtained from the truncated method with zlim = 0.037. Each
line (repeated in the four panels) corresponds to the mean in
one of our four mass bins: 108.5 < M0/M < 109.3 (blue),
109.3 < M0/M < 1010.0 (cyan), 1010.0 < M0/M < 1010.7
(green), and 1010.7 < M/M < 1011.2 (red). The respective
population standard deviations are shown in each panel with the
shaded regions.
3 THE MEAN MASS GROWTH HISTORIES
Following, we present our results on the mean global (§§3.1)
and radial (§§3.2) MGHs for galaxies in the sub-sample trun-
cated at zlim = 0.037; as discussed in §§2.2, this sub-sample
seems to be the most adequate for studying the MGHs, as
a compromise in number and late-time evolution recovery.
In §§3.3, we estimate the age uncertainties on the calculated
MGHs. In §§3.4, we test the results obtained with the trun-
cated method against possible biases introduced in the nor-
malized MGHs due to forcing them to an equal initial LBT
for all galaxies, and compare these results with those ob-
tained for the full sample (zlim = 0.148), where the MGHs
are truncated at a larger LBT than in the zlim = 0.037
sub-sample. Finally, in §§3.5, the global and radial mean
MGHs are presented for the populations of blue/red, star-
forming/quiescent, and late-/early-type galaxies in our four
mass bins.
3.1 Global mean MGHs: downsizing
The global mean MGHs (within 1.5R50) in our four mass
bins are plotted in Figure 5. In each panel we show the
number of galaxies and the population standard deviation
(shaded area) of the corresponding mass bin. The more mas-
sive the galaxies are, the earlier they assembled their total
stellar masses on average. This trend, called archaeologi-
cal downsizing, is well known from previous fossil record
inferences, look back empirical studies, and semi-empirical
approaches (see §§5.1 below for references). According to
our results, dwarf galaxies (M0 . 109.3M) formed, on
average, the 50%, 70%, and 90% of their masses at ≈ 10,
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3, and 1 Gyrs ago, respectively, though the scatter among
the individual MGHs is large. These galaxies have delayed
SFHs/MGHs with respect to the more massive ones, and
present a large diversity of histories, evidencing a quite
episodic SFH. Galaxies in the more massive bins show
that a significant fraction of their final masses (defined at
LBTlim = 0.5 Gyr) were assembled long ago. For example, in
the 109.3 <M0/M < 1010 bin, the 70% of the final mass
was assembled on average at LBTs of ≈ 8.3 Gyr; for more
massive galaxies, these LBTs are even larger. We see also a
trend of less scatter (diversity) in the global MGHs as more
massive are the galaxies. However, this can be partially due
to the low age resolution of the fossil record method at large
LBTs (see §§3.3 below), when the massive galaxies were in
their active phases of mass assembly.
3.2 Mean MGHs at different radial regions
For all the mass bins, the mean MGHs at different radial
regions show that at a 90% of the assembled mass in these
regions, the mass growth is proceeding on average from the
inside out (Fig. 6).5 The differences between the times that
the innermost (solid lines) and outermost (dotted lines) re-
gions assembled 90% of their masses are larger than the
standard error of the means (shaded regions), excepting for
the 109.3 <M0/M < 1010 mass bin (estimates of the age
uncertainty in the mean MGHs at different ages are shown
with the horizontal error bars in Fig. 6; see §§3.3 below for
details).
For dwarf galaxies (M0 6 109.3M), the inside-out
mode remains until ≈ 3.3 Gyr ago, when the fraction of both
inner and outer mass assembled is 75−80%. For earlier times
and lower mass fractions, the differences among the mean
MGHs for each radial region are smaller than their error on
the mean. Individually, we observe inner and outer MGHs
that cross each other one or more times, suggesting periods
of outside-in an inside-out formation (or strong radial migra-
tions). Thus, our results suggest for dwarfs galaxies, a stellar
mass growth from a not well defined gradient at early epochs
to an inside-out formation at late epochs. This trend is sim-
ilar for the low-mass galaxies (109.3 <M0/M < 1010) but
the inner and outer mean MGHs are closer than in the case
of dwarfs. For M0 > 1010M, a trend of inside-out forma-
tion mode is seen since ≈ 9 − 10 Gyr ago (when 80-85%
of the inner and outer region stellar masses were formed).
At earlier epochs, the differences in the mean radial MGHs
become negligible.
The general trends presented in Fig. 6 refer to stacked
(mean) MGHs in different mass bins. How representative are
these stacked MGHs of the individual MGHs? To answer
this question we study the distributions of the χ2g estimator
of each individual spatially-resolved MGH presented in sub-
section 2.2.1 (see eq. 3). Figure 7 shows these distributions
for the innermost (solid lines) and outermost (dotted lines)
5 Our working hypothesis is that stars were formed within the
observed (wide) regions in such a way that their formation times
correspond to the mass assembly time of these regions. This hy-
pothesis is not valid under strong radial migration and significant
accretion of stars formed ex-situ; see subsection 5.2.1 below for a
discussion on this question.
regions. The black solid lines correspond to a reduced χ2
distribution with Nt−1 degrees of freedom, where Nt is the
number of time points used to interpolate the MGHs. The
vertical dashed lines show the 2σ confidence level; MGHs
with χ2g values larger than this level, strongly depart from
the corresponding mean MGH.
For dwarf galaxies (108.5M <M0 < 109.3M), only
≈ 49% and 30% of the MGHs (for the innermost and outer-
most radial region respectively) are within the 2σ confidence
level. For low-mass galaxies (109.3M < M0 < 1010M),
62% of the innermost MGHs (R < 0.5R50) are within
the 2σ level, while in the case of the outermost MGHs
(R50 < R < 1.5R50) this fraction drops to 34%. For the
intermediate-mass galaxies (1010 <M0/M < 1010.7), we
observe a similar trend: 63% of the innermost MGHs remain
within the 2σ level, whereas only 29% do it for the outer-
most MGHs. Note that the χ2g distribution of the innermost
MGHs approaches well the reduced χ2 distribution. For the
massive galaxies (1010.7 < M0/M < 1011.2), 68% of the
innermost MGHs remain within the 2σ level whereas only
20% do it for the outermost MGHs. Therefore, for galax-
ies more massive than ∼ 109.3M, more than 50% of the
individual innermost MGHs are well represented by the cor-
responding mean MGHs plotted in Figure 6. For the outer-
most regions, the fraction drops to 20− 30%. These results
suggest that the innermost regions of these galaxies assem-
bled typically more regularly than the outermost regions.
For dwarf galaxies, both the inner and outer regions seem
to have assembled with a large diversity of histories in most
of the cases; due to this diversity, the mean inner and outer
MGHs remain only as a very rough description of most of
the respective individual MGHs.
3.3 Age uncertainties in the MGHs
In §§5.3 we will discuss on the intrinsic limitation of the fossil
record method regarding the age determination of the oldest
SSP contributions to the observed spectrum. Such a limita-
tion introduces a large uncertainty in the earliest phases of
the recovered MGHs. This is why only a few stellar spec-
trum templates separated by large time periods are used at
large LBTs: the spectral features of old SSPs barely change
with age. On the other hand, the spectral features of young
SSPs change significantly with age, and therefore, a large
number of spectrum templates separated by short time pe-
riods should be used. We estimate the uncertainties in age
for our mean MGHs based on the age separations between
the stellar spectrum templates since these separations cor-
respond namely to the age “resolution” of the fossil record
method. At LBTs of 10 Gyr we obtain an uncertainty of
≈ ±3 Gyr, while at LBTs of 1 Gyr we obtain an uncertainty
of ≈ ±150 Myr (see §§5.3 for a discussion). In Figure 6, the
estimated age uncertainties at three representative LBTs are
shown with horizontal error bars. The uncertainty is large
for large LBTs but significantly reduces at low LBTs. Thus,
the mean MGHs at early epochs, when ∼ 50 − 70% of the
final mass was assembled, are highly uncertain. Since all
the galaxies and radial bins are analyzed with the same fos-
sil record method, in spite of the large uncertainties at the
level of individual determinations at these stages, the dif-
ferences in the mean MGHs among different mass bins, and
even among different radial bins, are probably systematic.
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Figure 6. Radial mean stellar MGHs obtained from the truncated method with zlim = 0.037 for our four mass bins (the color code is
the same as in Fig. 5). The radial stacking was performed in three regions: R < 0.5R50 (solid lines), 0.5R50 < R < R50 (dashed lines),
and R50 < R < 1.5R50 (doted lines). The shaded areas represent the errors on the mean (not shown for the intermediate radial region).
The horizontal error bars are the estimated age uncertainties in the recovery of the MGHs at three LBTs: 1, 4 and 10 Gyr (see §§3.3).
3.4 Testing the results from the zlim = 0.037
sub-sample
The truncation method at a given zlim (for example 0.037)
used above could introduce some bias in the normalized
MGHs because all galaxies with lower redshifts than zlim
are forced to have the same initial LBT, equal to the epoch
corresponding to zlim. To test against this possible bias we
use the sub-sample selected in the narrow redshift range z =
0.037± 0.005. The mean normalized MGHs in the three ra-
dial regions (solid, dashed, and dotted lines) and for each of
the four mass bins (red, green, cyan, and blue lines) obtained
using this sample are depicted in Figure 8, to be compared
with Figure 6. We implement a Kolmogorov-Smirnov (K-S)
test to compare whether the reconstructed spatially-resolved
MGHs with the truncation and redshift selection methods
are compatible. At high masses (1010.7 <M/M < 1011.2)
the two methods recover the same distribution within a
95% confidence level. At the 109.3 < M/M < 1010 and
1010 < M/M < 1010.7 mass bins, the two distributions
are compatible with each other at the limit of the critical
value criterion of the K-S test. At the lowest mass range
(108.5 <M/M < 109.3), we can say that the two recon-
structed MGHs at the different radii are similar. The fact
that the mean MGHs obtained from the zlim = 0.037 sub-
sample are not significantly different from those obtained
from the z = 0.037±0.005 sub-sample, shows that the trun-
cation of the MGHs at the same initial LBT (LBTlim = 0.5
Gyr) does not introduce a bias in the main results. There-
fore, we feel confident in using the mean normalized MGHs
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Figure 7. Distributions of the individual χ2g values in each mass
bin for the innermost (solid lines) and outermost (dotted lines)
stellar MHGs. The black solid line represents χ2 distribution with
Nt − 1 degrees of freedom. The black dashed lines represent the
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Figure 8. Mean radial stellar MGHs as in Figure 6, but for galax-
ies only in the narrow redshift bin z = 0.037 ± 0.005 (redshift
selection method). The line and color codes are the same as in
Figure 6.
estimated with the truncation method for zlim = 0.037 (Fig-
ure 6). For the subsamples with higher values of zlim, the K-S
test show similar or worse results than for the zlim = 0.037
subsample.
In the previous Section, we have explained why the full
galaxy sample (up to zlim = 0.148) was not used for our anal-
ysis of the mean MGHs, but instead a sub-sample truncated
at zlim = 0.037. For completeness, we present now the mean
normalized MGHs obtained using the full galaxy sample.
As mentioned above, the difference in number between the
z 6 0.037 and z 6 0.148 samples is mostly in the most mas-
sive bin (1010.7−1111.2M); in this bin, there are 76 objects
more (55%) in the latter sample than in the former one. The
normalized MGHs calculated from the zlim = 0.148 sample
start from the corresponding limit LBT, ≈ 2 Gyr, which
is larger than the 0.5 Gyr limit LBT from the zlim = 0.037
sample. Therefore, to compare the normalized MGHs of both
samples we need to cut the MGHs from the latter at 2 Gyr,
and re-normalize the MGH to the final massM0 calculated
now at this time. Thus we lose the last 1.5 Gyr of mass
growth in the galaxies from the zlim = 0.037 sample.
In Figure 9 we present the global and spatially-resolved
mean MGHs from the zlim = 0.148 sample for each mass bin.
Note that at difference of Fig. 6, the MGHs start now from
≈ 2 Gyr. For the case of the global MGHs, the correspond-
ing “clipped” mean MGHs from the zlim = 0.037 sample are
also plotted (dashed lines). In fact, they are indistinguish-
able from those of the zlim = 0.148 sample. If any, the mean
MGH of the most massive bin from the zlim = 0.148 sample
is slightly shifted towards later epochs than the one from
the zlim = 0.037 sample, but well within the standard de-
viation. The comparison obtained for the global MGHs are
very similar for the radial MGHs. This comparison shows
us that the used galaxy sub-sample with zlim = 0.037, while
loses many massive galaxies with respect to the full sam-
ple (zlim = 0.148), it recuperates the same mean normalized
MGH of massive galaxies from the full sample. However, the
advantage of the zlim = 0.037 sample is that allows to fol-
low the MGHs to later evolutionary stages (since LBT≈ 500
Myr), which is relevant for the less massive galaxies.
We have also calculated the normalized MGHs for
galaxies more massive than 1011.2M from the full sample.
The mean MGH of them is significantly shifted towards late
epochs with respect to the 1010.7 <M0/M < 1011.2 mass
bin, resembling rather the mean MGH of low-mass galax-
ies. As mentioned above, the most massive galaxies in the
currently observed (MPL-4) Primary MaNGA galaxies are
biased to be blue and star-forming (by Hα emission), be-
ing this the reason of their late stellar mass assembly. This
is why we preferred do not include in our analysis galaxies
more massive than 1011.2M.
3.5 Dependence of the MGHs on galaxy
properties
We have reported above that the global and spatially-
resolved MGHs of galaxies depend on average on their
masses. However, galaxies of the same mass can have very
different properties and it is of interest to explore whether
the stellar MGHs depend on these properties. Given the
large number of galaxies in our sample, we can separate
them at least in two general populations (according to the
chosen property) at each mass bin. The main properties of
galaxies are their morphological type, color, and sSFR. It
is well known that these properties correlate with mass; as
galaxies are more massive than ∼ 1010.3M, they tend to be
of earlier morphological types, redder, and more quiescent,
while less massive galaxies, tend to be of later morpholog-
ical types, bluer and more star forming (see for a review
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Figure 9. Mean MGHs for the highest redshift sample (zlim = 0.148) at three galaxy radial regions: R < 0.5R50 (solid lines), 0.5R50 <
R < R50 (dashed lines), and R50 < R < 1.5R50 (doted lines), and for the fourth mass bins: 108.5 < M0/M < 109.3 (upper left
panel), 109.3 <M0/M < 1010.0 (upper right panel), 1010.0 <M0/M < 1010.7 (lower left panel), and 1010.7 <M/M < 1011.2
(lower right panel). The MGHs start at ≈ 2 Gyr. The color code is the same as in Figure 6. The shaded areas represent the errors of the
mean. The inset panels show the global mean MGHs integrated within R < 1.5R50 and the population standard deviations (same as in
Figure 5). The dashed lines within the insets are the mean MGHs integrated within R < 1.5R50 from the zlim = 0.037 sub-sample and
re-normalized to LBTlim ≈ 2 Gyr corresponding to the highest redshift limit, zlim = 0.148.
Blanton & Moustakas 2009). From the NSA, we have the
global g − r colors and from the outputs from Pipe3D we
obtain the specific sSFRs of our MaNGA galaxy sample,
and from our own visual morphological classification, we
have the galaxy types. We divide the sample only into two
broad populations considering each one of these properties.
The criteria reported in Lacerna et al. (2014) for the DR7
SDSS are applied to separate galaxies into blue and red,
(g − i) = 0.16[log(M?/M) − 10.31] + 1.05, and into star
forming and quiescent, log(sSFR) = −0.65[log(M?/M)−
10.31] − 10.87. Regarding morphology, we define as early-
type galaxies those classified as ellipticals and lenticulars,
including those classified as S0a; objects latter than these
types are defined as late-type galaxies. Recall that we have
excluded from our analysis strongly interacting and merging
galaxies.
In Fig. 10 we present the global (insets) and radial
mean MGHs for the blue/red (first column), star form-
ing/quiescent (second column), and late-/early-type (third
column) galaxies in our four mass bins, from less to more
massive ones as the lines go from top to bottom. The num-
bers of blue/red, star-forming/quiescent, and late-/early-
type galaxies in the 1010−1010.7M bin are: 90/110, 117/83,
and 143/57, respectively. In the largest mass bin, as ex-
pected, dominate the red/quiescent galaxies with almost the
same number of late-/early-type galaxies. The correspond-
ing numbers are 22/41, 24/39 and 29/34, while in the lower
mass bins, dominate the blue/star forming/late-type galax-
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Figure 10. Mean radial MGHs segregated by color, sSFR, and morphology; each row is for a mass bin. The line code is the same as
in Fig. 6. Red lines are for red/quiescent/early-type galaxies and blue lines for blue/star-forming/late-type galaxies. The mean global
MGHs are shown in the insets.
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ies (59/4, 59/4 and 55/8). In the 109.3 − 1010M bin, the
corresponding numbers are 86/42, 97/31 and 98/30.
At all masses, the global mean MGHs clearly segregate
by color, sSFR, and morphological type (see the insets).
Red/quiescent/early-type galaxies assemble earlier on av-
erage their masses than blue/star-forming/late-type galax-
ies, at least since ∼ 10 Gyr ago. Moreover, the less mas-
sive are the galaxies, the larger are the differences, mainly
because the blue/star-forming/late-type delay more and
more their mass assembly as the mass is smaller, while
the red/quiescent/early-type galaxies assemble most of their
masses always relatively early. For the 1010 − 1010.7 M
mass bin, where both populations are roughly equally rep-
resented in the bimodal distribution, the differences in the
mean global MGHs between the two populations are much
smaller than the differences seen in the mean global MGHs
between small and giant galaxies (Figure 5).
Regarding the radial MGHs, in the 1010 − 1010.7 M
mass bin, both galaxy populations show an inside-out for-
mation mode since high/intermediate LBTs. However, this
trend is clearly more pronounced for blue/star-forming/late-
type galaxies. These galaxies form their outermost regions
significantly later than in the case of red/quiescent/early-
type galaxies. The differences in the radial mass growth
mode between the two populations of galaxies are larger
than those seen as a function of mass (Figure 6). The
χ2 analysis of the individual MGHs show that the inner-
most/outermost MGHs of blue galaxies are within the 2σ
deviation from their respective mean MGHs in 61%/36% of
the cases. For red galaxies, these fractions are not too dif-
ferent: 64%/27%.
For the dwarf and low-mass galaxies, the radial mean
MGHs of blue/star-forming/late-type galaxies are actually
similar to those shown in Fig. 6 (without any separation
into two populations). This is because at low masses, these
galaxies dominate in number. However, the mean MGHs of
the few red/quiescent/early-type galaxies in these mass bins
depart strongly from the corresponding mean MGHs seen
in Fig. 6: their radial MGHs are much earlier and similar
among them than the corresponding mean MGHs, which
are dominated by blue/star-forming/late-type galaxies. For
the most massive bin, 1010.7 < M0 > /M < 1011.2, the
radial mean MGHs of red/quiescent/early-type galaxies are
actually similar to those shown in Fig. 6 since this popula-
tion dominates in number at large masses. The few blue/star
forming/late-type galaxies in this mass bin depart slightly
from the corresponding mean MGHs seen in Fig. 6 in the
direction of a later and more pronounced inside-out mass
assembly growth.
In general, blue/star-forming/late-type galaxies assem-
ble radially on average following the inside-out mode, be-
ing this behavior more pronounced at all epochs for the
galaxies more massive that ∼ 1010.3M. Instead, the
red/quiescent/early-type galaxies have on average a more
coeval radial mass assembly (flat gradient) at all masses;
there is even a weak hint that as less massive they are, the
radial growth turns on more to the outside-in mode.
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Figure 11. Difference on the formation times for the inner and
outer regions (∆Ti−o = Ti − To) when the MGHs reaches their
50% (upper panel), 75% (middle panel) and 90% (lower panel) of
their total masses. For both panels, the blue points represent the
selected blue galaxy sample whereas the red points represent the
red galaxy sample (see text). The light grey area represents the
not resolved time region of the archaeological method. The dark
grey region represents the galaxy mixed time (300 Myr).
4 INDIVIDUAL MASS ASSEMBLY
GRADIENTS
The results presented above refer to the average behavior
inferred from the stacked spatially-resolved MGHs. As men-
tioned in §§3.2 and 3.5, an important fraction of the individ-
ual MGHs, specially those of the outermost regions, deviate
strongly from their corresponding mean MGHs. So, it is of
interest to study also the MGHs individually and look for
some population trends as a function of mass. In order to
quantify the individual MGHs with only one parameter, we
calculate the difference of the LBTs between the innermost
(< 0.5R50; Ti) and outermost (1R50 < R < 1.5R50; To) re-
gions at which each MGH attains a specific percentage of
these region’s total masses. If ∆Ti−o ≡ Ti − T0 is positive,
then the stars in the inner region were assembled first in
comparison with those in the outer region; this should cor-
respond to an inside-out formation mode. On the contrary, a
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negative value of ∆Ti−o should correspond to an outside-in
mode. We consider that the inside-out or outside-in modes
are undetermined for |∆Ti−o| < tdyn; in this case, we can
say that the SF gradient is flat. The galaxy dynamical time,
tdyn, is thought as the typical timescale in which global dy-
namical processes occur. A conservative upper value for tdyn
in local galaxies is 300 Myr; there is a trend to lower values
of tdyn as smaller are the galaxies.
In Figure 11, we depict ∆Ti−o at the 50%, 70%, and 90%
mass fractions as a function of the total mass for galaxies in
our zlim = 0.370 subsample. For completeness, blue and red
galaxies are plotted with blue and red colors, respectively.
The dark gray bands show ±300 Myr around ∆Ti−o = 0
(see above). The light gray bands are estimates of the time
resolution allowed by the fossil record method at different
epochs and masses. According to the mean MGHs (see Fig.
6), the LBTs when the radial MGHs reach 50% of their
masses are > 10 Gyr. At these epochs, the uncertainty in
the age determination is of 2-4 Gyr. On the other hand, the
LBTs when the radial MGHs reach 90% of their masses are
∼ 1 Gyr. At 1 Gyr, the age uncertainty is ∼ ±150 Myr.
Formally, each ∆Ti−o value inside the light gray regions has
an uncertainty due the lack of temporal resolution that does
now allow to say whether the radial growth at that epoch is
inside-out or inside-in. At the 50% mass fractions, the ma-
jority of the galaxies have ∆Ti−o values lower than the age
uncertainty. Only a few massive (red) galaxies show evidence
of a clear outside-in mode, and many of the low-mass/dwarf
galaxies show clear evidence of either inside-out or outside-
in mode. At the 70% mass fractions, most of galaxies more
massive than ∼ 5 × 109M have values of |∆Ti−o| smaller
than the age uncertainty (≈ 2.5 Gyr), so that it is not possi-
ble to say with precision whether they are in the inside-out or
outside-in mode. Less massive galaxies continue presenting a
large scatter, with many of them being in a clear outside-in
mode and many others being in a clear inside-out mode. At
the 90% of the mass fractions, when the age uncertainties
are smaller, most of galaxies more massive than ∼ 1010M
show clear evidence of inside-out mass assembly, while for
less massive galaxies, both radial growth modes are possible,
with a small preference to the inside-out mode.
In summary, due to the lack of age resolution for old
stellar populations, the age differences ∆Ti−o at epochs
when ∼ 50% of the innermost/outermost masses were
formed are very uncertain. The situation improves for later
epochs, when larger mass fractions are formed. Our re-
sults are consistent with an scenario, where the most com-
mon evolutionary trend for galaxies more massive than
∼ 5 × 109M is that of transiting from a flat/outside-in
gradient mode to an inside-out mode, being more frequent
this trend as galaxies are more massive. Galaxies less mas-
sive than ∼ 5×109M present large differences between the
formation epochs of the innermost and outermost regions at
early epochs, both in direction of the inside-out or outside-in
mode; these differences decrease at later epochs.
5 DISCUSSION
5.1 Comparison with previous works
We have analyzed the galaxies from the Primary sample
of the the ongoing MaNGA survey (excluding strongly in-
teracting/merging galaxies) and inferred their global stel-
lar MGHs. Our results, in particular for the zlim = 0.037
sub-sample (454 galaxies; see §§3.1), confirm for a large
stellar mass range, the strong downsizing trend previously
found through fossil record inferences of SDSS galaxies sam-
ples, based on observations with only one central fiber (e.g.,
Thomas et al. 2005; Panter et al. 2007; Cid Fernandes et al.
2007; Gallazzi et al. 2008; Tojeiro et al. 2009; Thomas et al.
2010). The MaNGA galaxies are covered with many fibers
across them; in particular, for 99% of the galaxies studied
here, this coverage attains at least 1.5 R50 (Fig. 1).
A direct comparison with previous works is not possi-
ble, due to the different assumptions for the epoch at which
the final mass of the galaxies is defined (this mass is relevant
for normalizing the MGHs), the different mass binning and
sample selection used in each work, etc. For example, in Cid
Fernandes et al. (2007), the reported normalized histories
start from an age of 106 yrs and they consider that this is
equal to the initial LBT, i.e., they assume that all galax-
ies are observed at z = 0 and their final masses correspond
to this epoch. Moreover, these authors report results only
for star forming galaxies and their histories refer to those
of the mass converted into stars (cumulative SFH) instead
of the histories of mass locked in stars, i.e. discounting the
mass returned to the interstellar medium as we do. A rough
comparison of our global MGHs for star forming galaxies in
different mass bins with those of Cid Fernandes et al. (2007)
shows qualitatively similar behaviors. However, their histo-
ries attain the 70-90% of the final mass later (lower LBTs)
than ours. We have also calculated the global cumulative
SFHs. As expected, when the stellar mass loss is not taken
into account, the histories tend to be shifted to later forma-
tion epochs (smaller LBTs). However, the shifts are small
and do not explain the apparent differences with the results
from Cid Fernandes et al. (2007).
Leitner (2012) plots the archaeological cumulative SFHs
in several mass bins from SDSS galaxies obtained from the
“versatile spectral analysis” (VESPA; Tojeiro et al. 2007,
2009). He presents both cases of SPS models used in VESPA:
Bruzual & Charlot (2003) and Maraston (2005); for inter-
mediate ages (around 2-10 Gyrs), a given fraction of the cu-
mulative SFH is attained earlier when using the Maraston
(2005) model. A rough comparison with our results, shows
that in our case a given fraction of the cumulative SFH is
attained even earlier than the VESPA inferences with the
Maraston (2005) SSPs.
In conclusion, the global (inside 1.5R50) MGHs or cu-
mulative SFHs inferred here for the MaNGA galaxies as
a function of mass, thought qualitatively similar to those
inferred previously from the SDSS galaxies with available
spectral information, seem to imply an earlier mass assembly
of the first 50-70% of the final mass than in these previous
studies (see below for a discussion on possible systematic
differences among the fossil record inferences).
More recently, McDermid et al. (2015), by means of the
fossil record method, have presented the cumulative SFHs
integrated up to one effective radius for a sample of early-
type galaxies from the Atlas3D survey (Cappellari et al.
2011). Their results are consistent with those obtained here
for early-type galaxies (Fig. 10). For instance, McDermid
et al. (2015) find that 50% of the stellar mass of their sam-
ple (dominated by intermediate/massive galaxies) has been
MNRAS 000, ??–?? (2014)
16 Ibarra-Medel et al.
formed on average within the 2 first Gyr after the big bang
(i.e, at LBTs larger than ≈ 11.7 Gyr), in good agreement
with the MGHs of our early-type galaxies. They also find
a clear downsizing trend, as in our case. However, for small
masses, their cumulative SFHs imply a later mass assembly
than in our case. We should bear in mind that both analysis
are intrinsically different in many aspects. For example, the
wavelength range covered by Atlas3D does not include the
Balmer break and the very important absorption lines bluer
than this break. Therefore, it is expected to be less sensi-
tive to stellar populations younger than 1 Gyr, and more
sensitive to recent SF traced by Hβ; this may produce a
bias specially for galaxies with late MGHs. Also, although
the dust attenuation in early-type galaxies is not very high
(AV . 0.2 mag; Gonza´lez Delgado et al. 2016), it may have
an effect in particular in the derivation of the young stellar
components in the stellar fitting. The dust attenuation was
not taken into account by McDermid et al. (2015), since the
wavelength range preclude from including it.
The downsizing trend of stellar mass assembly of galax-
ies has also been determined from multi-wavelength obser-
vational studies of galaxy populations at different redshifts,
from which the galaxy stellar mass function and/or the
SFR–M? relation at different epochs are built (e.g., Cimatti
et al. 2006; Bell et al. 2007; Drory & Alvarez 2008; Pe´rez-
Gonza´lez et al. 2008; Pozzetti et al. 2010; Leitner 2012;
Bauer et al. 2013; Mun˜oz & Peeples 2015; Tomczak et al.
2016, see for a review Fontanot et al. 2009 and more refer-
ences therein). The first time the concept of downsizing was
introduced comes just from one of such studies (Cowie et al.
1996). Note that with these look back studies, the MGH of
an individual galaxy can not formally be followed as in the
case of the fossil record method, though average histories can
be constructed statistically. Semi-empirical individual stellar
MGHs can be constructed also by connecting at each red-
shift the observed galaxy populations with the dark matter
halo populations predicted in cosmological N -body simula-
tions; by means of this galaxy-halo connection at different
epochs, the MGHs of the halos are used to trace the stellar
MGHs of the linked galaxies (Conroy & Wechsler 2009; Fir-
mani et al. 2010; Behroozi et al. 2010; Moster et al. 2010;
Behroozi et al. 2013; Moster et al. 2013).
Again, the downsizing trend of our global mean MGHs
is in qualitatively agreement with most of the inferences
obtained with the look back and semi-empirical methods
mentioned above. However, our inferences at all scales are
in the extreme of early stellar mass formation. The larger
differences are for the earliest stages of mass assembly, for
instance, at epochs when ∼ 50% of the mass was assembled.
As will be discussed is §§5.3, the recovery precision of the
fossil record method becomes very poor for the old stellar
populations that compose a spectrum in such a way that the
early phases of the MGHs result very uncertain.
Regarding the spatially-resolved stellar MGHs, we may
compare our results with those from the 105 CALIFA galax-
ies presented in Pe´rez et al. (2013). In general, their MGHs
at all radii attain a given fraction of the final mass later than
ours. Pe´rez et al. (2013) conclude that massive galaxies show
a clear inside-out formation mode since early epochs (e.g.,
when ≈ 50% of the corresponding final masses were assem-
bled), while for the least massive galaxies in their sample
(M0 ≈ 3− 5× 109M), the outer regions formed stars ear-
lier than the inner ones (outside-in formation mode), at least
until ∼ 80% of their final masses were assembled (Pan et al.
2015 arrived to a similar conclusion but using NUV−r color
gradients and the central Dn4000 index for SDSS galaxies
along the color-M0 diagram). We should note that Pe´rez
et al. (2013) integrated the light beyond 1.5R50. For galax-
ies more massive than ∼ 1010M, our results are in quali-
tative agreement with those of Pe´rez et al. (2013), although
in our case the inside-out behavior reveals on average at
larger mass fractions (> 70%)/later epochs and the age dif-
ferences between inner and outer regions are not too large
such as in their case.6 For low-mass galaxies, we do not con-
firm the outside-in formation claimed by Pe´rez et al. (2013)
and Pan et al. (2015). Instead, we find that at these and
lower masses, the spatially-resolved MGHs are very diverse:
along their evolution ≈ 22% of them keep the inside-out for-
mation trend, ≈ 15% keep the outside-in formation trend,
≈ 40% transit from outside-in in the past to inside-out more
recently, 5 − 20% transit from inside-out to outside-in, and
the rest do not show evidence of significant radial gradients
in their MGHs (see Figs. 11).
In the literature, there are also studies based on long-slit
spectroscopy of few targeted galaxies, where their spatially-
resolved SF histories are inferred. For example, MacArthur
et al. (2009) and Sa´nchez-Bla´zquez et al. (2011), from full
spectrum fits to high S/N data in central/intermediate re-
gions of nearby spiral galaxies find that the majority of the
stellar mass is composed of old (> 10 Gyr) stars, in agree-
ment with our results of very early stellar mass assembly.
These authors find also that a larger fraction of young stars
are present in the external parts of the disk compared with
the inner parts, generally consistent with a moderate inside-
out formation mode.
5.2 Implications for galaxy evolution
Our analysis confirms that the way galaxies assemble glob-
ally their stellar mass (from an ‘archaeological’ point of
view) depends strongly on their scale (Fig. 5): the global
MGHs are significantly delayed in time as less massive
the galaxies are; this downsizing trend agrees well with
many previous determinations (see §§5.1). A main result
reported here is that the global MGHs also segregate on
average according to their color, sSFR, and morphological
type (insets in Fig. 10), but this segregation, in a given
mass bin, is less significant than the one seen across all
the masses. Instead, our analysis suggests that the spatially-
resolved mean MGHs depend more on galaxy color, sSFR or
type than on mass: blue/star-forming/late-type galaxies had
on average a more pronounced inside-out formation than
red/quiescent/early-type galaxies (Fig. 10). For the latter
galaxies, the age differences between their inner and outer
MGHs are small, implying nearly flat formation gradients
on average.
6 We note that Pe´rez et al. (2013) report the MGHs in a hybrid
way: for radii smaller than 1R50, the MGHs are for the regions
contained inside a given radius (< 0.1, 0.5 and 1R50), and for
radii larger than 1R50, the MGH is for the regions larger than
this radius and not for those contained inside a given radius.
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According to our results, the MGH shapes of the inner-
most (R < 0.5R50) and outermost (1R50 < R < 1.5R50) re-
gions imply a clear inside-out formation for most of galaxies
(at all scales) only at epochs when ∼ 80 − 90% of the final
masses of these regions were reached, that is, only during
the late evolutionary stages of galaxies. We find that 70% of
the galaxies show an inside-out gradient at the 90% of the
corresponding inner and outer final masses. From figure 6
we observe that, for galaxies more massive than 1010M,
the differences in time between the formation of 90% of the
mass of the innermost and outermost regions are around 1.5–
2 Gyr (for red/quiescent/early-type galaxies the differences
are significantly smaller on average than for blue galaxies),
while for smaller masses, these difference are around 0.5 Gyr.
At epochs when 70 − 50% of the inner/outer regions
were formed, their corresponding mean MGHs tend to con-
verge to similar tracks. In fact, there are significant vari-
ations in these early MGHs on a galaxy-by-galaxy basis:
one finds galaxies with inside-out gradients as well as with
outside-in and nearly flat gradients (Fig. 11); therefore, the
mean MGHs may not be a fair representation of the indi-
vidual MGHs. The largest variations are for galaxies less
massive than 1010M, evidencing this very irregular paths
of early radial mass growth for these galaxies, specially the
dwarf ones. Models and numerical simulations show indeed
that the mass assembly of galaxies in shallow gravitational
potentials is strongly affected by the SF-driven feedback,
mainly by the supernova outflows, which redistribute spa-
tially the cold gas and the stars forming from this gas, and
promote highly pseudo-stochastic SFR histories (e.g., Stin-
son et al. 2007; Avila-Reese et al. 2011; Brook et al. 2011;
Gonza´lez-Samaniego et al. 2014; Governato et al. 2015; El-
Badry et al. 2016). On the other hand, when small galaxies
become satellites, the environmental effects (see references
in the Introduction) can drive to gas removal from the satel-
lite, first from its outskirts, causing this a quenching of SF
from outside to inside. It is interesting that despite the early
assembly of our analyzed low-mass and dwarf galaxies, it
is very irregular spatially, at late evolutionary stages (for
instance, when 80-90% of the inner/outer final masses are
attained), there is a trend to present regular inside-out gra-
dients as seen both in the mean MGHs of Fig. 6 and in most
of the individual inner-to-outer assembly time differences in
Fig. 11. This suggests that the radial mass assembly of these
galaxies tends to get more regular as their masses grow.
Regarding galaxies more massive than 1010M, for
most of them it seems to be a trend of transiting from a
nearly flat gradient at early epochs to a clear inside-out gra-
dient at late epochs (see Fig. 11), specially for the most
massive ones. This trend is more noticeable for blue/star-
forming/late-type galaxies. According to Fig. 10, at in-
termediate/late evolutionary stages, these galaxies present
on average a larger difference in the inner-to-outer MGHs
than red/quiescent/early-type galaxies. This difference is
mainly due to the outermost regions (> 1R50), which for
blue/star-forming/late-type galaxies grew significantly later
than for red/quiescent/early-type galaxies. These results are
in agreement at a qualitative level with the gradual inside-
out mass build-up of massive disk galaxies predicted in the
context of the hierarchical Λ cold dark matter cosmology
(c.f., Firmani & Avila-Reese 2000; Avila-Reese & Firmani
2000; Aumer et al. 2014), and agree with previous observa-
tional inferences using photometry and/or spectroscopy (c.f.
Wang et al. 2011; Lin et al. 2013; Pe´rez et al. 2013; Gonza´lez
Delgado et al. 2014b; Pan et al. 2015; Li et al. 2015; Pezzulli
et al. 2015; Dale et al. 2016).
The effects of SF quenching in the central regions
(bulge) due to the AGN-driven feedback mentioned in the
Introduction could work in the direction of increasing the
differences between the inner and outer MGHs by quench-
ing the SF in the inner regions and halting their growth,
while the outer regions continue growing by gas accretion.
On the other hand, a significant contribution from gas-rich
minor mergers or misaligned gas infall work in the direction
of reducing these differences, producing a more continuous
mass assembly at all radii (Aumer et al. 2014).
The AGN-driven quenching mechanism should play
a more global role in the evolution of massive spheroid-
dominated (early-type) galaxies, which do not form by gen-
tle inside-out accretion of cold gas such as the disks. The
large (classical) spheroids are thought to form mainly by
early major mergers that induce strong bursts of SF uni-
formly across the whole galaxy and that promote the for-
mation of a central supermassive black hole, with the con-
sequent turn on of one or more phases of powerful AGNs.
The powerful AGN can quench the SF in the inner regions,
and later in the outer regions (see the Introduction for ref-
erences), producing this some inside-out like gradient that
could explain our inferences. However, this inside-out for-
mation mode is on average small (see Fig. 10), with assem-
bly differences between the innermost and outermost regions
<< 1 Gyr at mass fractions lower than 90%. Therefore, the
possible inside-out AGN quenching process is expected to
act only on small time scales. Massive early-type galaxies un-
dergo also late dry mergers, which add (probably old) stellar
populations formed ex-situ (see e.g. results from numerical
simulations in Hopkins et al. 2009; Rodriguez-Gomez et al.
2016) and produce radial redistribution of stars mainly in
the outer regions. Then, the apparent flat or even outside-in
mode at early epochs inferred from the early MGHs of the
outermost regions of red/quiescent/early-type galaxies could
not be a correct interpretation. As discussed in Sa´nchez-
Bla´zquez et al. (2007), the stellar mass assembly of early-
type galaxies probably can not be explained solely by inside-
out or outside-in scenarios. Our analysis shows indeed the
lack of pronounced inside-out or outside-in formation mode
for the red/quiescent/early-type galaxies, mainly due to the
strong diversity in the outer MGHs.
5.2.1 Radial migration and mergers
Our inferred stellar MGHs in different radial regions can
be interpreted as the intrinsic ones only if we assume that
the stellar populations remain in the same location where
they formed in the galaxy. However, there are several inter-
nal dynamical effects across the evolution of galaxies that
can trigger stellar radial migration. Moreover, during merg-
ers, the accretion of stars formed ex-situ and some radial
redistribution of the galaxy stars is expected to happen.
For galaxies less massive than 1010M, the feedback-
driven outflows can produce strong age-dependent stellar
radial migration, with a cumulative effect such that the
older stellar populations significantly migrate outwards. As
the result, the true underlying age and metallicity gradi-
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ents of galaxies are mixed or even inverted. The two mech-
anisms that dominate in this process are (1) the large-scale
gas movements that drive fluctuations in the global gravi-
tational potential, transferring energy to all stars, and (2)
the outflowing/infalling gas that remains star-forming, pro-
ducing young stars that migrate up to ∼ 1 kpc (El-Badry
et al. 2016). The former mechanism acts in long time scales
producing a systematic outward radial migration, which
for old populations may account for distances as large as
1.5R50(z = 0). The latter mechanism lasts short time scales
(up to 100 Myr), affecting only to young populations. The
stellar outward migration and overall galaxy expansion of
low-mass/dwarf galaxies have been observed in numerical
simulations in both cold and warm dark matter cosmolo-
gies (Governato et al. 2015; El-Badry et al. 2016; Gonza´lez-
Samaniego et al. 2016).
The strong migration processes can explain partially the
large diversity in the the spatially-resolved MGHs inferred
here for galaxies less massive than 1010M. On the other
hand, since the migration is predicted to be mostly out-
wards, specially for the older stellar populations, we expect
that the diverse MGH gradients inferred here for these galax-
ies correspond actually to underlying true stellar MGHs fol-
lowing a strong inside-out mode (El-Badry et al. 2016, show
how strong can be this gradient change for their numerical
simulations).
For massive galaxies, the feedback-driven mechanisms
of radial migration mentioned above are not efficient enough;
they have deeper potential wells and lower gas fractions in
central regions than less massive galaxies, so that they do
not experience strong coherent fluctuations in stellar kine-
matics (El-Badry et al. 2016). Radial migration in secularly
evolving massive disk galaxies (without heating significantly
the disk) has been proposed to be produced by dynami-
cal mechanisms associated to spiral arms, bars, clumps, etc.
(e.g., Friedli et al. 1994; Sellwood & Binney 2002; Rosˇkar
et al. 2008; Minchev & Famaey 2010; Minchev et al. 2012; Di
Matteo et al. 2014, 2015; Sa´nchez-Bla´zquez et al. 2014, see
the latter paper for a review and more references therein).
There are theoretical and observational pieces of evidence
in favor of these mechanisms. However, it is a matter of
discussion the level of net radial migration that they could
produce in observed galaxies. For instance, Scho¨nrich &
Binney (2009) and Rosˇkar et al. (2012) have sug-
gested that the main mechanism of radial migra-
tion is basically a switch in the radial position of
two stars in different circular orbits, something that
does not produce a net radial flow of stars. However,
it should be taken into account that the proportion
of migrated stars depends on the density, which de-
creases with radius, leading this likely at the end to
a net flow towards the external parts. Some numeri-
cal simulations show that the consequences of radial migra-
tion are only significant in the outer parts of galaxies, be-
yond 2-3 scale lengths (Rosˇkar et al. 2008; Sa´nchez-Bla´zquez
et al. 2009; Di Matteo et al. 2014, 2015). From the obser-
vational side, studies of age and metallicity gradients show
that there are not significant differences for galaxies with
and without bar (Sa´nchez-Bla´zquez et al. 2014; Wilkinson
et al. 2015), indicating that the spiral-bar mechanism pro-
posed for radial migration (Minchev & Famaey 2010) is not
as important as predicted. Furthermore, a direct and strong
constrain for the radial migration is the observed abundance
gradient (Sa´nchez et al. 2014, 2015); recent simulations and
archaeological studies indicate that old stars present a strong
abundance gradient (50% of the mass in old stars have a gra-
dient), which implies that these populations could not suf-
fer significative radial mixing (Tissera et al. 2013, Sa´nchez-
Bla´zquez et al. 2016 in prep.).
Due to the radial migration discussed above, the true
underlying radial MGHs of massive disk galaxies could be
different to those inferred via the fossil record method. It
could be that some outward migration is systematic in most
of the massive disk galaxies in such a way the the outer
regions of the observed galaxies have formed actually at in-
ner radii. Therefore, if any, the underlying true MGHs could
have a slightly more inside-out behavior than our inferences.
For massive early-type galaxies, which are dominated
by a dynamically hot spheroid, the effects of radial migra-
tion are not expected to be important. However, if late dry
minor mergers happen, then it is possible that the outer re-
gions will grow populated mainly with the old/intermedium
age stars of the accreted satellites. As discussed above, this
could explain partially the apparent outside-in behavior of
the inferred MGHs for our red/early-type massive galaxies
at early epochs, being actually the intrinsic inner-to-outer
MGH gradient nearly flat or even inside-out.
5.3 Caveats of the method
The fossil record method is a unique tool for inferring the
individual evolution of observed galaxies (Wilkinson et al.
2015). Nevertheless, we should be aware of its limitations
and shortcomings in order to avoid an over-interpretation of
the results. Following, we briefly discuss on some of these
issues and how they could affect (or not) our main conclu-
sions.
There is an intrinsic limit to the precision of the fossil
record method in determining the age of the stellar popu-
lations that compose a spectrum because of the degeneracy
in the typical features of similar age (this degeneracy in-
creases for older stellar population spectra). As the result,
the precision of age determinations in the spectrum inver-
sion is relatively low. For high S/N spectra, Ocvirk et al.
(2006, see also Cid Fernandes et al. 2007; Walcher et al.
2011) found that disentangling confounding degeneracies,
coupled with meager optical SSP differences, lead to age res-
olution of (FWHM) ∆age = 0.8 dex (but see Tojeiro et al.
2007, who refine the age uncertainty up to ∆age ≈ 0.4 dex.
The rough estimates of the age uncertainty that we have
presented for our mean MGHs in Figure 6 are even lower,
between ≈ 0.2 and 0.3 dex (see also Sa´nchez et al. 2016a,
who study the uncertainties for the general case of Pipe3D).
The logarithmic age resolution around any median log-age
value is expected to be ±∆age/2. This uncertainty in stel-
lar population ages drives the peak of the SFH to spread
out, and given the logarithmic nature of variations in stel-
lar population ages, the shape of the corresponding MGH is
then modified systematically as explained below (see Leitner
2012).
On one side, the steep decreasing of the MGH at high
LBTs becomes shallower because a fraction of the stellar
mass formed around the peak of the SFH is spread into
a tail of very old stellar populations; this bias makes the
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fossil record inferences to predict a fraction of stellar mass
formed at too early times. In addition to this bias, when
the spectrum-inversion method requires of old SSP contri-
butions, since there only 3-4 of them above ∼ 7 Gyr, the
choice is for SSPs that could be actually older than the real
ones; this biases again the early phases of the MGHs towards
earlier epochs. As the result of these biases, the (high) frac-
tions of stellar mass assembled at high LBTs are likely over-
estimated in our MGHs. On the other side, because of the
age uncertainty, a fraction of the stellar mass formed around
the peak of the SFH is spread to lower LBTs shifting the in-
termediate parts of the MGHs to lower LBTs. This bias can
be more significant for the low-mass/dwarf galaxies, which
have the peak of their SFHs at intermediate/late epochs. Ac-
cording to Leitner (2012, see his Fig. 6), the MGHs inferred
from his look back approach can become similar to those
obtained from the VESPA analysis (fossil record method)
when these MGHs are smoothed with a Gaussian filter in
log-age such that emulates the age uncertainty of the fossil
record method.
In addition to age resolution, there are substantial sys-
tematic uncertainties in the fossil record inferences related
to the SPS and dust models, the IMF, etc. For instance,
the cumulative SFHs inferred with the Bruzual & Charlot
(2003) SPS models are significantly more extended (later as-
sembly of a given fraction) from the past until ∼ 2 Gyr ago
than those inferred with the Maraston (2005) SPS models
(Sa´nchez et al. 2016a; Panter et al. 2007; Tojeiro et al. 2009;
Leitner 2012, e.g., see Fig. 6 of the latter author). The main
difference between these two SPS models are in the treat-
ment of thermally pulsating asymptotic giant branch stars.
Thus, according to the SPS model used for the inversion,
cumulative SFHs or MGHs different by several Gyrs can be
obtained.
Regarding the extinction, the fossil record method con-
strains it by assuming that it is the same at all epochs. Oth-
erwise, a self-consistent model for the evolution of dust in
galaxies should be introduced. We know that on average the
amount of dust was smaller at higher redshifts. Therefore,
to assume that the dust fraction in galaxies is the same than
today introduces a bias in the MGHs towards earlier mass
assembly as older are the stellar population contributions.
In order to evaluate the strength of this bias, we have a pos-
teriori introduced a time-dependent extinction coefficient in
the calculation of the surface brightness corresponding to
each individual Voxel. A step function is used for the ex-
tinction coefficient: the value constrained in the fitting is
used until a LBT of 2 Gyr and for larger LBTs, the value is
set to 0. By comparing the mean MGHs obtained with this
assumption for the extinction to those presented in Section
3 we find that the MGHs of low-mass/dwarf galaxies shift
towards a slightly later mass assembly, while those of more
massive galaxies remain almost the same or barely shift to
an earlier mass assembly. In any case, the differences are in
general negligible.
We conclude that the statistical and systematic uncer-
tainties in the fossil record method apparently work mostly
in the direction of biasing the early mass assembly infer-
ences to even earlier epochs (larger LBTs). Therefore, the
MGHs presented here for LBTs larger than ∼8 Gyr or mass
fractions lower than 70% should be taken with caution.
6 CONCLUSIONS
We have inferred the global and spatially-resolved stel-
lar MGHs of the first set of galaxies observed in the
MaNGA/SDSS-IV survey (to appear in the SDSS Data Re-
lease 13) by means of the fossil record method using Pipe3D.
We used only the Primary sample and excluded from our
analysis the strongly interacting/merging galaxies as well as
those from the Color-Enhanced MaNGA sample. Then, a
sub-sample of 454 galaxies at redshifts lower than 0.037 was
studied in particular in order to obtain normalized MGHs
with the final mass M0 defined at the same redshift for
all galaxies (zlim = 0.037 corresponding to an initial LBT
of ≈ 500 Myr). The sample was divided into four mass
bins and, for each mass bin, the mean normalized MGHs
at different radial regions (up to 1.5R50) and their scatter
were calculated. We have also calculated the mean normal-
ized MGHs for galaxies separated into blue/red colors, star
forming/quiescent, and late/early types. Moreover, the dif-
ferences between the assembly times of a given mass frac-
tion of the innermost and outermost regions, ∆Ti−o, was
presented for each individual galaxy and for different values
of the attained mass fraction.
The main goal of the present work was to probe the
general way galaxies assembled their stellar masses, both
globally and at different radial regions, as a function of mass
and other galaxy properties. Our study is aimed to explore
only general trends; a more detailed separation of galaxies
according to both their masses and properties, as well as
their environment, will be presented in forthcoming papers.
The main results from our analysis are as follow.
• The larger the final galaxy mass, the earlier on average
was assembled most of this mass. For example, galaxies in
the log(M0/M) = 8.5–9.3, 9.3–10.0, 10–10.7 and 10.71–
11.2 bins assembled 70% of their final masses at LBTs of
3.7, 10, 11, and 11 Gyr on average. Dwarf and low-mass
galaxies present actually a large diversity of global stellar
MGH shapes, showing that their stellar mass assembly is
not only delayed with respect to more massive galaxies but
also more episodic. On the other hand, in a given mass bin,
red/quiescent/early-type galaxies assemble on average their
masses earlier than blue/star forming/late-type ones. How-
ever, these differences are not so large as those among the
different mass bins.
• At late evolutionary stages (or high fractions of assem-
bled mass), most of galaxies in all the mass bins show that
the innermost regions formed stars earlier than the outer-
most ones (inside-out formation mode). For instance, in the
log(M0/M) = 8.5–9.3, 9.3–10.0, 10–10.7, and 10.7–11.2
bins, the regions inside 0.5 R50 attain 90% of their final
masses on average 0.5, 0.5, 1.5, and 1.0 Gyr before than
regions outside 1 R50 do it, respectively. For galaxies more
massive than ∼ 1010M, the inside-out trend in the mean
radial MGHs remains until LBTs of 9 − 10 Gyr, when 70–
80% of the inner and outer regions were in place. At earlier
stages (lower assembled mass fractions), this trend tends
to disappear; the inner and outer MGH differences become
actually diverse and within the large age uncertainty
of the method. In the case of dwarf galaxies, the radial
MGHs are very diverse most of the time, showing periods
of outside-in and inside-out growth modes (or strong radial
migration).
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• The outermost regions of galaxies present on average
less regular MGHs (more scattered around the mean) than
the innermost ones, being this trend more pronounced as
more massive are the galaxies.
• The way galaxies assemble their mass radially depends
more on the galaxy color/sSFR/type than on its mass:
blue/star-forming/late-type galaxies follow on average a sig-
nificantly more pronounced inside-out formation mode than
red/quiescent/early-type galaxies. This is true specially for
the late evolutionary stages; for the old stellar populations
that are more common in the later galaxies, the divergent so-
lutions of the fossil record methods at the earliest epochs of
mass assembly, does not allow to establish a clear difference
between the inner and outer MGHs of these galaxies. For
these galaxies, the outermost MGHs present also a large di-
versity of shapes, in many cases with signs of older assembly
than the innermost regions, specially for the small galaxies.
• For galaxies more massive than ∼ 5 × 109M, the
age differences ∆Ti−o at epochs when 50% of the inner-
most/outermost masses were formed are mostly below the
age uncertainty. The situation improves at later evolutionary
stages, when larger mass fractions form. Our results suggest
a common trend of transiting from a flat/outside-in (or un-
determined) gradient mode to an inside-out mode; this trend
is more frequent for the more massive galaxies. Galaxies less
massive than ∼ 5 × 109M present large differences be-
tween the formation epochs of the innermost and outermost
regions at early epochs, both in the direction of the inside-
out or outside-in mode; these differences decrease at later
epochs.
From the general trends obtained in our analysis, we
can conclude that mass is the main driver of the global stel-
lar MGHs, while the way mass is radially assembled is more
related to the galaxy color/sSFR/type. The trend is that
more massive galaxies form earlier than less massive galaxies
(downsizing), and galaxies with radial MGHs more regular
(less scattered around the mean) and with a stronger inside-
out mode are more related to bluer/star-forming/later-type
objects. The stellar mass assembly of galaxies less massive
than 1010M, specially the least massive ones, reveals it-
self as episodic and stochastic, both at the global and local
level, with periods of outside-in and inside-out formation
modes. However, as discussed in §§5.2.1 this diversity of ra-
dial MGHs could be also due to the expected strong radial
migration processes in these galaxies, where the older stellar
populations suffer more net outward migration. After taking
into account such an outward migration, the intrinsic radial
MGHs could follow instead an inside-out growth mode.
For M0 > 1010M, the marked inside-out forma-
tion mode seen for most of the blue/star-forming/late-type
galaxies, at least since ∼ 10 Gyr ago, is in agreement with
predictions of inside-out disk formation in the context of the
hierarchical Λ cold dark matter cosmology. If takes into ac-
count a possible net outward flow of stars due to migration
mechanisms, a more pronounced intrinsic inside-out mode
would be inferred. In the case of red/quiescent/early-type
galaxies, due to the poor age resolution when the ages are
old, we can not say too much about the formation mode of
these early-forming galaxies. However, at later epochs, when
more than 70−80% of the mass was assembled, they seem to
follow on average a weak inside-out formation mode, which
could be produced by quenching of a powerful AGN, which
shuts-off the SF first in the central regions and then in the
outer ones; given the relatively small differences between the
innermost and outermost MGHs (or relatively small values
of ∆Ti−o), this effect is not expected to long not too much
(<< 1 Gyr). On the other hand, the weak hint of early
outside-in formation in most of the red/quiescent/early-type
galaxies may be incorrect, and the fact that very old stellar
populations are present in the outermost regions of these
galaxies could be rather due to the accretion of satellites
with old populations (late dry mergers).
It should be said that the main conclusions from our
study remain the same when including galaxies from the
MaNGA Secondary sub-sample, i.e., those with a radial cov-
erage that reaches 2.5 effective radii. We have not included
these galaxies in order to avoid possible aperture biases, and
because the mass dependence on redshift is not trivial for
this sub-sample and it may introduce selection effects.
The fossil record method applied to IFS observations
is a unique technique to infer the local and global evolu-
tion of individual galaxies. However, we should be borne in
mind that these inferences are subject to several uncertain-
ties and degeneracies. For example, the age uncertainty in
the spectrum inversion is large, specially for the contribu-
tions coming from old stellar populations. In the present
work the inferred global MGHs are biased to high mass
fractions assembled at the earliest epochs with respect to
inferences based on look back empirical and semi-empirical
studies or even with respect to some previous archaeological
inferences (see §§5.1). As discussed in §§5.3, for intermedi-
ate/large LBTs, because of the low age resolution the stel-
lar MGHs can be systematically modified, specially toward
older ages. The choice of the SPS models also affects signifi-
cantly the cumulative SFHs or MGHs; for instance, accord-
ing how the thermally pulsating asymptotic giant branch
stars are treated, shifts of some Gyrs in the MGHs are ob-
tained.
More work is necessary to evaluate and control the ef-
fects of uncertainties and degeneracies in the fossil record
inferences of galaxy stellar mass assembly. In defense of the
general results presented here, we should say that, once the
same method and analysis is applied to all galaxies and ra-
dial regions, the results related to comparisons of the means
among different masses and among different radial regions
should be reliable at least in a qualitative level.
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